† Background The hop plant (Humulus lupulus) is a source of many secondary metabolites, with bitter acids essential in the beer brewing industry and others having potential applications for human health. This study investigated variation in DNA sequence and gene expression of valerophenone synthase (VPS), a key gene in the bitter acid biosynthesis pathway of hop. † Methods Sequence variation was studied in 12 varieties, and expression was analysed in four of the 12 varieties in a series across the development of the hop cone. † Results Nine single nucleotide polymorphisms (SNPs) were detected in VPS, seven of which were synonymous. The two non-synonymous polymorphisms did not appear to be related to typical bitter acid profiles of the varieties studied. However, real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis of VPS expression during hop cone development showed a clear link with the bitter acid content. The highest levels of VPS expression were observed in two triploid varieties, 'Symphony' and 'Ember', which typically have high bitter acid levels. † Conclusions In all hop varieties studied, VPS expression was lowest in the leaves and an increase in expression was consistently observed during the early stages of cone development.
INTRODUCTION
Hop (Humulus lupulus) is a dioecious perennial climbing plant belonging to the family Cannabaceae (Neve, 1991) . The primary commercial application of the hop plant has historically been in the beer brewing industry; however, there is potential to develop new hop products, such as phytoceuticals, due to various biological activities (antibacterial, anti-fungal, anti-cancer, sedative, soporific and estrogenic) of secondary metabolites unique to hop (Moir, 2000; Dietz et al., 2005; Lust et al., 2005; Possemiers et al., 2005 Possemiers et al., , 2006 Vanhoecke et al., 2005; Chadwick et al., 2006; Delmulle et al., 2006; Hougee et al., 2006) . The female cone of the hop plant contains many lupulin glands, which are primarily located on the adaxial surfaces of the cone bracts. Secondary metabolites (some of which impart the bitter taste and aroma to beer), such as bitter acids (alpha-acids humulone and cohumulone, and beta-acids lupulone and colupulone), prenylflavonoids (such as xanthohumol) and essential oils (such as humulene and farnesene) accumulate in the lupulin glands (Likens et al., 1978; Haunold, 1980; Verzele and de Keukeleire, 1991; Paniego et al., 1999; Matoušek et al., 2002a) .
A major aim of hop breeding is to improve the content and quality of the metabolites accumulated in the lupulin glands . Hop breeding methods are time consuming, with new varieties grown to full cone maturation over two years with high growing costs in order to establish chemical profiles. While the quantitative genetics of commercial traits in hop is poorly understood (Henning et al., 1997a, b; Murakami, 1999; Henning and Townsend, 2005) , the relative levels of major chemicals, including the bitter acids (alpha-acids and beta-acids) and essential oils, are reasonably constant within a variety, regardless of environment (de Cooman et al., 1998; Heyerick et al., 2002) , such that chemical profiles are considered a reliable method for varietal identification Murakami, 1999; Auerbach et al., 2000; Eri et al., 2000; Roberts and Lewis, 2002; Henning et al., 2004) . The stability of the chemical profile within a variety indicates that biosynthesis of these compounds is under genetic control. Understanding variation in the genes of the bitter acid biosynthetic pathway, in relation to the content and quality of the accumulation of bitter acids in the lupulin glands, is essential to guide the development of marker-assisted selection techniques in hop.
The formation of bitter acid precursors, phloroisovalerophenone (PIVP) and phloroisobutyrophenone (PIBP), occurs in a reaction very similar to the first step of flavonoid synthesis (Zuurbier et al., 1998b) . In the biosynthetic pathway of the hop resins, the first step of the formation of flavonoids is catalysed by chalcone synthase (CHS; Zuurbier et al., 1998a) . During cone development the pattern of accumulation of bitter acid intermediates PIVP and PIBP has been shown to differ when compared with naringenin (a flavonoid precursor), indicating that the bitter acids are not produced by CHS but another enzyme, valerophenone synthase (VPS; Zuurbier et al., 1995) . The VPS protein was first isolated by Paniego et al. (1999) , who found the amino acid sequence to share a high degree of homology with plant chalcone synthases. A genomic DNA sequence for the gene encoding the VPS enzyme was later obtained by an investigation into genes expressed specifically in the lupulin gland ). Both CHS and VPS belong to the same plantspecific family of enzymes known as type III polyketide synthases (PKSs; Austin and Noel, 2003) .
Despite a high degree of homology between the VPS and CHS genes and protein products, there are differences that result in a slight, but significant, change in substrate specificity (Paniego et al., 1999; Matoušek et al., 2002b; Novak et al., 2006) . Chalcone synthase enzymes catalyse a claisen condensation reaction to form naringenin-chalcone from three molecules of malonyl-CoA and one molecule of p-coumaroyl-CoA (Austin and Noel, 2003) . However, VPS preferentially uses a molecule of isovaleryl-CoA (or isobutyryl-CoA) in place of the p-coumaroyl-CoA molecule to catalyse the formation of PIVP (or PIBP) in a very similar reaction (Paniego et al., 1999; Austin and Noel, 2003) . Many CHS homologues have been isolated in hop and analyses have been undertaken to compare them with VPS at a genetic and enzymatic level. Okada et al. (2004) studied the enzymatic activities for five of the CHS homologues and showed that the formation of naringeninchalcone (a flavonoid precursor) is catalysed by CHS_H1 and at a much lower rate by VPS. The synthesis of PIVP was shown to be catalysed by VPS, and at a much lower rate by CHS_H1 (Okada et al., 2004) . The synthesis of PIVP or naringenin-chalcone was not catalysed by CHS 2, CHS 3 or CHS 4. Several researchers have conducted Southern analyses with various VPS and CHS probes in hop with varying results. Matoušek et al. (2002a) detected at least five CHS-like genes related to CHS_H1 and at least two VPS-like genes with variation in gene copy number observed according to the specific genotype. Novak et al. (2003) also undertook Southern analyses using CHS_H1, VPS, CHS 2 and CHS 4 probes. In that study no crosshybridization was observed between CHS_H1 and VPS. The differences between CHS 2, CHS 4 and VPS were less clear, with some cross-hybridization occurring (Novak et al., 2003) . Both CHS 3 and CHS 4 were shown to contain an intron identical to that found in VPS, making them more VPS-like than CHS-like (Novak et al., 2003) . Further, Novak et al. (2003) detected several as yet unidentified members of the VPS homologue gene family. Both Matoušek et al. (2002a) and Novak et al. (2003) found that the number of bands relating to these unidentified VPS-like genes differed between varieties. However, the number of genes detected is dependent on the stringency of the Southern blot and the probe used. detected two VPS genes using a highstringency analysis and several more with a low-stringency analysis using hop VPS cDNA as a probe. When the VPS promoter region was used as a probe, Okada et al. (2003) reported a single clearly identifiable VPS gene product. Novak et al. (2006) investigated the enzymatic properties of four chalcone synthase homologues, including VPS from hop by heterologous expression in Escherichia coli. They also determined that there were high levels of expression of chalcone synthase-like genes in maturing hop cones of cultivars with high bitter acid content by northern and western blotting using probes specific for VPS, CHS_H1, CHS 4 and polyspecific serum raised against recombinant protein CHS 4, respectively.
This study investigated sequence variation (single nucleotide polymorphisms, SNPs) in VPS in twelve varieties, and investigated changes in the expression of VPS during cone development in four varieties. SNPs are the most common type of sequence variation between gene alleles and can be used as tools in genetic mapping, estimating population diversity and correlating genotype with phenotype. Of specific relevance to polyploid hop breeding is the fact that allelic discrimination through SNP detection has been demonstrated in polyploid potato, permitting distinction not only between homo-and heterozygosity, but also among different heterozygous states (Rickert et al., 2002 (Rickert et al., , 2005 . Expression levels were determined using realtime quantitative PCR (qRT-PCR) and 'normalized' using hop polyubiquitin as a control gene. Polyubiquitin is a small, highly conserved protein that has been found in the cells of all eukaryotes so far analysed (Kawalleck et al., 1993) . The gene encoding the polyubiquitin protein is often used as a control or 'housekeeping' gene to normalize real-time qRT-PCR results due to its constitutive expression in plant tissues at all developmental stages (Sun et al., 1997; Brunner et al., 2004) . A comparison of ten common housekeeping genes for real-time qRT-PCR in a Populus hybrid revealed polyubiquitin to display the highest stability index (least variation) when comparing different tissue samples (Brunner et al., 2004) , indicating that it is currently the most suitable candidate for use as an internal control in real-time qRT-PCR studies. Few gene expression analyses using real-time qRT-PCR have been carried out in hop. Genbank searches revealed that no actin-like or polyubiquitin-like genes exhibiting constitutive expression have been isolated from the hop genome. For example, Matoušek et al. (2002a) used 7SL RNA as a reference sample for real-time qRT-PCR analyses. However, this has been shown in a previous study (Matoušek et al., 1999) to exhibit varying transcription rates, making it unsuitable as an internal control gene. The present study is the first to isolate polyubiquitin (UBI) in hop for use as an internal control for normalizing results in real-time qRT-PCR.
MATERIALS AND METHODS

Plant material
Plant material from twelve hop (Humulus lupulus L.) varieties was sampled from the breeding garden maintained by Hop Products Australia at the Bushy Park Estates, Tasmania, Australia (42842 0 33 00 S, 146853 0 54 00 E). Three of these varieties are closely related. The diploid variety 'J78' is an open-pollinated (OP) progeny of the diploid variety 'Pride of Ringwood', and the variety 'Ember' is an OP progeny of tetraploid 'Pride of Ringwood'. The variety 'Victoria' is an OP progeny of tetraploid 'J78'. From four varieties ('Saaz Â', 'J78', 'Symphony' and 'Ember'; where 'Saaz Â' refers to an open-pollinated progeny of diploid 'Saaz' grown in Tasmania), four samples were freshly collected and snap-frozen in liquid nitrogen on site over a period of 5 weeks as follows: (1) young leaf, and cones at (2) early, (3) mid, and (4) late stages of development. Samples were stored at -80 8C until nucleic acid extraction. The early cone stage was characterized by the onset of cone development (from flowers); all early-stage cones were ,1 cm in width. Mid-development cones were of a size intermediate between the early stage and the most developed cones for each variety. Cones at the mid-development stage were soft in texture and varied from 1 -3 cm in width. The late cone development stage was defined by the maximum size that cones would reach prior to drying out for each variety. All cones in the late category were showing the first signs of cone maturation as determined by texture (the cones were still soft, but with some bracts papery).
DNA sequencing DNA extraction. DNA was extracted from young leaves of the twelve hop varieties for use in sequencing VPS. Several leaves from each variety were ground to a fine powder under liquid nitrogen using a mortar and pestle. DNA was extracted from approximately 100 mg of ground leaf tissue using a Qiagen DNeasy Plant Minikit (Qiagen, Hilden, Germany). The yield of genomic DNA was quantified by electrophoresis through a 2 % agarose gel dissolved in Tris-borate-ethylenediaminetetraacetic acid (TBE) stained with ethidium bromide and examined under ultraviolet light.
Primer design and PCR. Hop VPS primers 5 0 VPS-START and 3 0 VPS-END for PCR and 5 0 VPS-S2 and 3 0 VPS-S1 for sequencing, were designed by eye to the only hop VPS gDNA sequence available in Genbank (Genbank accession number AB047593 from variety '9418R'; ; Table 1 ). The gDNA sequence AB047593 is 3910 bp in length and includes the promoter and 5 0 untranslated region of VPS. This study sequenced the coding region of VPS and, as such, the start of the coding region at base 2642 of AB047593 was designated here as base 1. The forward PCR primer 5 0 VPS-START was positioned at base 3 -22 (bases 2644 -2663 of AB047593) and the reverse PCR primer 3 0 VPS-END at base 1250 -1269 (bases 3891 -3910 of AB047593). This 1269-bp sequence spans the complete coding region, which includes a first exon of 186 bp, a single intron of 84 bp and a second exon of 999 bp. Primer properties were determined using Oligo Analyzer 1 . 0 . 2 software (Teemu Kuulasmaa#, Kuopio, Finland). Polymerase chain reaction was conducted for each of the twelve varieties (Table 2) using approx. 100 ng of gDNA in a 100-mL reaction containing a final concentration of 0 . 25 mM dNTPs, 3 mM MgCl 2 and 1 mM primers. The thermal-cycling program was a first cycle of 2 min at 94 8C followed by 35 amplification cycles of denaturation for 30 s at 95 8C, annealing for 30 s at 52 8C and extension of 1 min at 72 8C, with a final cycle of 5 min at 72 8C. PCR products were visualized by electrophoresis on a 2 % agarose gel stained with ethidium bromide, purified using a QIAquick PCR purification kit (Qiagen) and quantified using a spectrophotometer (BioRad Laboratories, Hercules, CA, USA).
Sequencing. Purified VPS PCR products for each of the twelve varieties were sequenced using Beckman CEQ2000 dye terminator cycle-sequencing technology (CEQ DTCS Quick Start Kit, Beckman Coulter, Fullerton, CA, USA) in a Beckman CEQ8000 according to the manufacturer's instructions. Sequencing reactions were performed using the original PCR primers 5 0 VPS-START and 3 0 VPS-END, and internal primers 5 0 VPS-S2 and 3 0 VPS-S1 (Table 1 ). Forward and reverse sequences for each variety were aligned using Sequencher software (version 4 . 1 . 2, Gene Codes Corporation MI, USA), the automated base calls checked visually by inspection of the electropherograms, a consensus sequence generated for each variety, and aligned to the reference VPS sequence AB047593. Where polymorphisms were detected, the genotype for each variety was recorded, except in the case of the triploid varieties ('Symphony', 'Ember' and 'Victoria'), where it was possible to identify the bases present at heterozygous sites, but not possible to determine the allelic frequencies. Nucleotide sequences were translated and the predicted amino acid sequences aligned using ClustalX software (Thompson et al., 1997) to determine if SNPs altered the amino acid sequence encoded.
RNA extraction and cDNA synthesis
For each of the four varieties ('Saaz Â', 'J78', 'Symphony' and 'Ember') in which the expression of VPS was studied (Table 2) , duplicate leaf, early, mid-and late-stage cones were ground to a fine powder under liquid nitrogen using a sterile mortar and pestle. RNA was extracted from approximately 100 mg of frozen ground tissue using the Qiagen RNeasy Plant Minikit and RLT extraction buffer with 50 mL Plant RNA Isolation Aid (Ambion, Austin, TX, USA) added. RNA was DNase treated (Ambion DNA-free kit), the quality checked by electrophoresis through a 2 % agarose gel stained with ethidium bromide and high-quality RNA quantified using a spectrophotometer. Synthesis of cDNA was from 2 mg of RNA in 60-mL reaction volume using the Superscript III first-strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA) and random hexamers, and from 1 mg of RNA in 30-mL reaction volume without the reverse transcriptase enzyme (negative control denoted RT-) for each sample.
Gene expression with real-time qRT-PCR
Real-time qRT-PCR VPS primers, 5 0 VPS-RTF1 and 3 0 VPS-RTR1, were designed to regions where no polymophisms were detected in the Genbank sequence AB047593 and the new VPS sequence obtained for the twelve varieties in this study (Table 2 ). Primers were checked for cross-reactivity to hop CHS Genbank sequences: CHS 2 mRNA (AB061021), CHS 2 gDNA (AB061020), CHS_H1 gDNA (AJ304877), CHS 3 gDNA (AB061022), CHS 4 gDNA (AJ430353), novel CHS 1 (BD182131), novel CHS 2 gDNA (BD182132), novel CHS 3 (BD182133) and novel CHS 4 gDNA (BD182134) to ensure specificity to VPS. The forward primer 5 0 VPS-RTF1 was positioned across the boundary of exon 1 and the single intron to prevent amplification of background gDNA. The amplicon size from cDNA was 119 bp and the position of the intron was known from comparing gDNA (AB047593) to the corresponding mRNA sequence (AB015430; ). Polyubiquitin (UBI) was used as an internal control gene to normalize real-time qRT-PCR data. Degenerate UBI primers (Albrecht et al., 1998) were used to amplify hop UBI from gDNA and cDNA using a PCR program of: one cycle of 3 min at 94 8C, 35 cycles of 30 s at 94 8C, 45 s at 55 8C and 1 min at 72 8C, with a final cycle of 5 min for 72 8C. The same cycling parameters were used for the amplification of VPS using 5 0 VPS-RTF1 and 3 0 VPS-RTR1, with an annealing temperature of 60 8C (Table 1) , with Promega GoTaq Green and cDNA as a template. For use as standards in real-time qRT-PCR, purified PCR products for VPS and UBI were cloned into the pGEM-T-Easy Plasmid Vector System II (Promega, Madison, WI, USA). Plasmid DNA was purified using the Wizard Plus SV Minipreps DNA Purification System (Promega) and at least five clones sequenced in both directions using the plasmid promoter primers SP6 5 0 -ATTTAGGTGACACTATAGAA-3 0 and T7 5 0 -AATACGACTCACTATAGGG-3 0 . Forward and reverse sequences were aligned, the automated base calls checked visually by inspection of the electropherograms, and a BLAST search of Genbank performed in order to confirm specific amplification of VPS and UBI. A single plasmid clone for 119-bp VPS and 238-bp UBI was selected and seven 10-fold serial dilutions from 1 ng mL -1 to 1 Â 10 -7 ng mL -1 (standard curves) were used in all real-time qRT-PCR assays to determine relative gene expression levels between assays.
Duplicate VPS and UBI real-time qRT-PCR reactions were performed for each of two samples per variety. Reactions were performed on RTþ (cDNA) and RT -(no RT) using 2 mL cDNA or RT -(diluted 1 : 5), 0 . 5 mM primers and 1Â iQ SYBR Green Supermix (BIO-RAD) in 10-mL reaction volumes, with two negative controls per assay on a Rotorgene2000 (Corbett Research, Sydney, Australia) using the following program: 95 8C for 3 min, 50 cycles of 95 8C for 5 s and 60 8C (VPS) and 55 8C (UBI) for 40 s. A melt-curve to check for a single product was determined by ramping from 72 8C to 95 8C, acquiring every 1 8C, waiting 45 s after the first step and then waiting 5 s after each step thereafter. Expression of VPS (Ct values) was calculated relative to the VPS standard curve as an average of duplicate reactions for each sample. That result was then normalized against the expression of UBI (also in relation to a UBI standard curve). All assays (including standard curves) had an R 2 ! 0 . 99 and efficiency above 80%.
RESULTS
Sequence variation
Only clean, unambiguous sequences were used for analysis. Polymorphic and heterozygous sites identified within the 12 varieties studied are recorded in Table 2 . The length of clean VPS sequence obtained ranged from 1062 bp in the variety 'Symphony' to 1212 bp in the variety 'Eastern Gold'. The start of the VPS sequence was consistently ambiguous in the varieties 'J78' and 'Symphony'. Comparative analysis of the VPS sequence in all 12 varieties revealed nine polymorphic loci (Table 2) . 'Symphony' was the only variety with polymorphisms at bases 874, 909, 1005 and 1084. Translation of the VPS sequence revealed that three of the polymorphisms (at bases 779, 780 and 874) were non-synonymous. The polymorphisms at bases 779 and 780 occurred within the same codon, resulting in a change in the amino acid encoded, with either alanine (GCN, AB047593; 'Saaz Â', 'Cascade', 'Golding', 'Hallertau mittelfrueh', 'Eastern Gold', 'Opal', 'J78',), glutamic acid (GAG; 'Saaz Â', 'Cluster', 'Nugget', 'Symphony', 'Ember' and 'Victoria') or aspartic acid (GAC; 'Ember' and 'Victoria') at residue 232 of the VPS protein (Table 2) . 'Ember' and 'Victoria' were heterozygous at bases 779 and 780, resulting in three possible amino acids at residue 232 of the VPS protein. All varieties were homozygous for the G allele at nucleotide base 874, except for 'Symphony'. This polymorphism resulted in a non-synonymous change in the amino acid encoded, with either alanine (GCC) or serine (TCC) at residue 264 of the VPS protein (Table 2) .
Expression of VPS
The degenerate UBI primers of Albrecht et al. (1998) amplified three fragments of 238, 480 and 700 bp in hop. The shortest fragment (238 bp) showed a high degree of identity to other polyubiquitin sequences from plants in Genbank [for example, 86 % with polyubiquitin 1, AF527441, from Phaseolus vulgaris, and 84 % with polyubiquitin (UBQ10), NM_178970, from Arabidopsis thaliana]. The cloned 238-bp fragment (UBI238; Genbank accession number EU700059) was successfully used as an internal control to normalize VPS expression measured by real-time qRT-PCR.
Real-time qRT-PCR analyses revealed that VPS was expressed at low levels in leaves of all four varieties tested (Fig. 1) . All varieties exhibited higher levels of VPS expression in cones, with a large increase in the expression of VPS occurring early in cone development.
Expression of VPS appeared to reach a plateau at relatively high levels later in cone development in all four varieties (Fig. 1) . The lowest maximum expression of VPS was observed in 'Saaz Â', the only low alpha-acid variety studied. The maximum expression of VPS in 'Saaz Â' ($1 Â 10 5 ; Fig. 1 ) was approximately one tenth of the maximum expression in 'J78', 'Symphony' or 'Ember' ($1 Â 10 6 ; Fig. 1 ), all of which are high alpha-acid varieties.
DISCUSSION
Sequence variation
Prior to this study the only other published VPS sequences available were the genomic DNA sequence with Genbank accession number AB047593 and the corresponding messenger RNA with Genbank accession number AB015430 . This study examined DNA sequence variation in the VPS gene between hop varieties exhibiting a broad range of alpha-acid levels. Nine polymorphic sites were documented. The majority (six of the nine) of polymorphisms observed in the VPS gDNA sequences were found to be silent, encoding the same amino acid in the twelve hop varieties studied. The other polymorphisms (at bases 779, 780 and 874; Table 2 ) were non-synonymous, encoding changes in the amino acids at residues 232 and 264 of the VPS protein. Further, the amino acids encoded exhibit chemical properties differing from those of the amino acid encoded in the reference sequence (AB047593). Alanine (encoded at residue 232 in all varieties but 'Cluster' and 'Nugget') is an inactive hydrophobic amino acid. Both these varieties are homozygous for nucleotides encoding glutamic acid, while other varieties ('Saaz Â', 'Symphony' and 'Ember') are heterozygous. In the triploid varieties 'Ember' and 'Victoria', a third amino acid, aspartic acid, is potentially encoded at residue 232. Both glutamic acid and aspartic acid are acidic, and therefore may change the behaviour of the protein when compared to alanine. The polymorphism observed in 'Symphony' at base number 874 encodes the amino acid serine, as opposed to alanine found in all other varieties. These two residues were not documented as sites that influence the substrate specificity of VPS in a comprehensive study by Austin and Noel (2003) .
On the basis of this small sample, no polymorphisms appear to consistently co-occur in either high or low alpha-acid varieties. Linkage mapping and quantitative trait loci analysis, using the SNPs identified in the present study would be required to establish a quantitative relationship between sequence variation observed in VPS and known hop acid levels. Further comparative sequence analyses of the upstream promoter region the VPS may reveal DNA sequence variation more closely linked with the accumulation of bitter acids. The importance of the variation at residues 232 and 264 cannot be ascertained without further studies testing the different efficiencies and specificities of the translation products of each VPS sequence.
Copy number of the VPS gene Our inability to obtain clear sequence data at the start of VPS in varieties 'J78' and 'Symphony' may be due to the presence in the genome of more than one VPS homologue. The high level of heterozygosity observed ( Table 2 ) may imply that multiple copies of VPS are present. It was not possible to discern whether the heterozygosity observed in 'Symphony' (at seven out of nine polymorphic sites) was due to allelic variation or the presence of a VPS homologue. However, the purity of the PCR product from which VPS was sequenced suggests that a single VPS sequence was amplified and any variation was due to allelic copies, or homologues of identical size.
The variation observed in the VPS coding sequence relating to residues 232 and 264 of the protein may not be translated into protein if the polymorphisms occur in redundant homologues of VPS, or, if translated, the protein formed may be non-functional. However, it is important to note that if VPS was present in the hop genome at more than one locus and the homologues are being expressed, then real-time qRT-PCR analyses would only detect these copies if sequences were identical at the primer locations (Table 1) . The real-time qRT-PCR primers for VPS were checked against all CHS-like sequences available from hop to ensure specificity to VPS. PCR using these primers was shown to amplify only one clean fragment of the expected size and sequence. This suggests that regardless of whether more VPS homologues exist, the real-time qRT-PCR analyses quantified the relative expression levels of only one VPS copy, identical to that studied by Okada et al. (2004) .
VPS expression
This study was the first to use real-time qRT-PCR to quantify VPS expression in the leaf and during the development of hop cones. The results of the real-time qRT-PCR analyses revealed the same overall trend for VPS expression within both the high and low alpha-acid varieties. Extremely low levels of expression of VPS were found in the leaves of all of the four varieties analysed (Fig. 1) . Similarly, other studies have found that hop acids are present at extremely low levels in leaves (de Keukeleire et al., 2003) . The expression of VPS was found to be considerably higher in all cone samples of all four varieties, and the expression of VPS appeared to reach a plateau at relatively high levels in the mid and late cones sampled (Fig. 1) . A histochemical assay using the VPS promoter by Okada et al. (2003) revealed that the centre of the lupulin gland was the site at which VPS was expressed, and that mature glands did not stain as strongly as young glands. Okada et al. (2003) suggested that VPS expression levels were higher at an earlier cone stage. The late stage cones sampled in the present study were ripe, but not yet senescing. It is possible that the older lupulin glands sampled by Okada et al. (2003) were obtained from cones at a later stage of development than those sampled in this study. However, Okada et al. (2003) also suggested that oily metabolites in the lupulin gland were possibly interfering with the histochemical assay performed.
Studies monitoring the levels of alpha-acids and beta-acids during development from female inflorescences to cones have revealed a gradual increase in these compounds, with rates of hop-acid accumulation differing between varieties (Zuurbier et al., 1995; de Keukeleire et al., 2003; Novak et al., 2006) . If VPS were responsible for the levels of the alpha-acids and beta-acids, then a characteristic rate of accumulation would be apparent in the rate of increase in VPS expression throughout cone development in a particular variety. Figure 1 shows that the rate of increase of VPS gene expression did appear to differ between varieties. Varieties with high alpha-acid levels ('J78', 'Symphony' and 'Ember') showed the highest outright levels of VPS expression and the highest rates of increase in VPS expression between leaf and hop cone. It is also noteworthy that the expression of VPS in leaves and the maximum expression in cones were higher in the triploid varieties ('Symphony' and 'Ember'; Fig. 1 ). While this study incorporated only four varieties, the pattern of VPS expression observed between the triploid and diploid varieties may be suggestive of an effect of ploidy on the base level of expression of VPS, possibly through changes in the regulation of gene expression.
Concluding remarks
No significant correlation was observed between the high alpha-acid varieties and a particular VPS gene sequence or polymorphism. The quantification of VPS expression in leaves and cones at different stages of development and between varieties revealed a clear link between VPS expression and typical alpha-acid levels for each variety. The two varieties with the highest typical levels of bitter acids, the triploids 'Symphony' and 'Ember', also displayed the highest relative VPS expression levels. The general trend for VPS expression that was observed in all varieties was low levels of VPS expression in leaves and an increase in expression with the development of the hop cone from early to mid and late stages.
The bitter acid pathway requires further investigation in order to characterize the steps and genes involved. Importantly, this study has shown that increases in the expression of VPS occur early in cone development, and as such further studies of changes in expression of VPS during cone development in hop should be based on a more refined sampling strategy, such as harvesting cones at precise times post-flowering and fertilization, and determination of the chemical composition of the lupulin glands of the individual cones investigated. The target gene approach taken in this study has allowed direct assessment of the expression of the VPS gene in four varieties. Sequencing this gene in further samples has shown a degree of polymorphism in this key enzyme of the bitter acid biosynthesis pathway. Future comparative studies of DNA sequence variation in VPS should use a larger sample size, from full sib material in linkage mapping and quantitative trait loci studies to test for quantitative relationships between the SNPs identified in the present study and the chemical profiles of the genotypes under investigation. If bitter acid accumulation is controlled by VPS, and polymorphisms in the coding region of VPS do not influence bitter acid accumulation, then variation in the DNA sequence of the upstream regulatory regions of VPS may be more closely linked to bitter acid biosynthesis. Understanding the regulation of bitter acid biosynthesis would assist in the development of an understanding about how environmental variation affects the production of bitter acids, leading to improved crop management, and could also lead to the development of marker-assisted selection techniques for breeding plants with improved production of these economically important plant secondary metabolites.
